This study evaluated preliminary findings on the efficacy of polyethylene glycol (PEG) hydrogel dural sealant capping for the prevention of cerebrospinal fluid (CSF) leakage and pneumocephalus during deep brain stimulation (DBS) surgery in the semisupine position. Group A consisted of 5 patients who underwent bilateral subthalamic nucleus (STN)-DBS surgery without PEG hydrogel dural sealant capping. Group B consisted of 5 patients who underwent bilateral STN-DBS surgery with PEG hydrogel dural sealant capping. The immediate postoperative intracranial air volume was measured in all patients and compared between the 2 groups using the Welch test. Adverse effects were also examined in both groups. The intracranial air volume in Group A was 32.3 ± 12.3 ml (range 19.1-42.5 ml), whereas that in Group B was 1.3 ± 1.5 ml (range 0.0-3.5 ml), showing a significant difference (p º 0.005). No hemorrhage or venous air embolisms were observed in either group. The effect of brain shift was discriminated by STN recordings in Group B. These preliminary findings indicate that PEG hydrogel dural sealant capping may reduce adverse effects related to CSF leakage and brain shift during DBS surgery.
Introduction
Subthalamic nucleus (STN) deep brain stimulation (DBS) has been performed, especially in the last decade, for the treatment of medically refractory Parkinson's disease (PD), as a less destructive technique compared with ablative surgery such as pallidotomy or thalamotomy. Complications and adverse events associated with DBS surgery have been well described and are generally classified as being related to cranial electrode implantation, the implantable pulse generator, or general conditions such as pneumonia or pulmonary embolism. 18, 20, 21) Among the cranial-related complications, cerebrospinal fluid (CSF) leakage during STN-DBS surgery for PD causes pneumocephalus and subsequent brain shift, 8) resulting in inappropriate planning of recordings and misjudgment of electrode placement. 7, 12, 19) Preoperative cerebral atrophy may also be related to the presence of intracranial air. 2) Several techniques for decreasing CSF loss and pneumocephalus during DBS surgery have been proposed. Placing the patient in a sitting 12) or semisitting 4) position is considered to be one of the key factors for reducing CSF leakage, but this method may increase the risk of venous air embolisms (VAEs). Placing the patient in a completely flat su- Fig. 1 Photographs showing the typical patient positioning during deep brain stimulation surgery in our institute; the head of the bed is elevated to 15 degrees (A), and the polyethylene glycol hydrogel dural sealant capping procedure, with guiding cannulas (2 cannulas in this case) penetrating the blue layer of the DuraSeal TM at the burr hole (B).
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pine position, which is considered to be another method to minimize intracranial air by packing the cranial window from the inside, 12) for a long duration of time during awake surgery is not always comfortable for the elderly and patients with postural disorders. Minimal dural incision, 12, 14) avoiding CSF suctioning even for clearer vision of the cortical surface, 12) and flooding the burr hole with saline irrigation 15) have been advocated. Other techniques for decreasing CSF loss, which has been associated with favorable outcomes, 5) is the use of fibrin glue sealant and gelfoam, but the half-sitting surgical position is also important in this 2-step technique.
We describe another simple new technique for eliminating CSF leakage during DBS surgery in the semisupine position, called polyethylene glycol (PEG) hydrogel dural sealant capping, and compare outcomes obtained with this technique with previously described methods.
Materials and Methods
Thirteen patients with PD were selected for DBS surgery at the Nippon Medical School Musashi Kosugi Hospital from April 2010 to December 2011. All patients were scheduled for bilateral STN-DBS, performed by a single surgeon (IT), so a total of 26 sides were treated. Ten consecutive patients with PD were included in this study.
Magnetic resonance (MR) images were preoperatively acquired for surgical planning. Target localization was based upon the Schaltenbrand and Wahren atlas and on direct visualization on the MR image using iPlan Stereotaxy TM (Brainlab, Munich, Germany). The bottom of the STN target was located 11 mm lateral from the midsagittal plane, 3 mm posterior to the midcommissural point, and 5 mm inferior to the anterior-posterior commissure line, as based on the Schaltenbrand and Wahren atlas. Using red nucleus-based targeting, 1) the target was observed 3 mm lateral to the anterior margin of the lateral border of the red nucleus in the axial plane. iPlan Stereotaxy software was used for target localization, trajectory simulation, and image fusion of computed tomography (CT) scans and MR images. The entry point was determined so that the trajectory avoided the cortical vein, sulcus, abnormal vessels, áetat cribl áe, and lateral ventricle.
Surgery was performed, in brief, as follows: The Leksell stereotactic G frame (Elekta AB, Stockholm, Sweden) was applied to all patients under local anesthesia, followed by CT scan acquisition. The preoperatively acquired MR image was then superimposed on the CT scan using iPlan Stereotaxy. After tracking and frame co-ordination were finalized, the patients were placed in a semisupine position, with the head elevated 10-15 degrees (Fig. 1A ) in a head-flat position. The first side to be treated was determined based either on the side of initial parkinsonism presentation or the side with more prominent symptoms, but these were the same in all patients. A burr hole was made after assessing the best tacking route for curved skin incision. STN targeting was performed based on presurgical planning and physiologic multi-tracking micro-recordings using Leadpoint TM (Medtronic, Minneapolis, Minnesota, USA; typically of 4-7-mm-long STN activity), followed by test stimulation and electrode placement. Two tracks were always selected for the initial micro-electrode recordings using BenGun TM (Alpha Omega Engineering, Nazareth, Israel), but other tracks were examined if the stimulation test resulted in inappropriate or side effects. The electrode was placed on the track offering the optimum physiological results. The second burr hole was made after surgery on the first side was complete. An implantable pulse generator was placed 3-4 days after electrode placement.
The technique of PEG hydrogel dural sealant capping was as follows. After the burr hole was made and the dura mater was incised in a cross shape (each incision 10 mm in length), the surface of the brain parenchyma was closely and quickly inspected to ensure that the burr hole was placed as designed, with no vessels beneath the burr hole, followed by arachnoid incision and minimal brain parenchyma coagulation. PEG hydrogel dural sealant (DuraSeal TM ; Covidien, Mansfield, Massachusetts, USA) was applied to cover the entire burr hole. BenGun TM electrode guiding cannulas were then inserted, penetrating the PEG layer to the parenchyma (Fig. 1B) . Excess PEG dural sealant was trimmed after electrode placement. If PEG hydrogel dural sealant was not used, the conventional technique to place a burr hole on top of the gyrus or to minimize CSF suctioning for an even clearer vision of the cerebral cortex was attempted.
Patients were divided into 2 groups: 5 patients who underwent bilateral STN-DBS surgery without PEG hydrogel dural sealant capping (Group A), and 5 patients who underwent bilateral STN-DBS surgery with PEG hydrogel dural sealant capping (Group B). To evaluate the volume of air, a CT scan was taken immediately after the surgery, typically within 1 hour, in all patients. The air volume was measured using the workstation CT scan system (Aquilion; Toshiba Medical Systems Corporation, Otawara, Tochigi). The Welch test was performed for comparison of postoperative intracranial air volumes between the 2 groups, using JMP 9.0.2 (SAS Institute Inc., Cary, North Carolina, USA). Adverse effects were also examined in both groups. Figure 2 shows the CT scans acquired from representative patients. Group A showed a mean postoperative intracranial air volume of 32.3 ± 12.3 ml (range 19.1-42.5 ml), whereas Group B showed a mean postoperative intracranial air volume of 1.3 ± 1.5 ml (range 0.0-3.5 ml), which were significantly different (p ＝ 0.0046). No hemorrhage, VAEs, or related symptoms (coughing, tachypnea, or decrease in O 2 saturation) were observed in either group.
Results
The numbers of tracks or the acquired length of the STN recordings were not significantly different between Group A and Group B. However, the recording tracks of optimum STN activity were different. In Group A with the conventional maneuver, the first track was planned to consider possible medial brain shift, and the second track was planned to consider both the result of first side recording/test stimulation and the effect of possible posterior brain shift. In contrast, in the Group B treated with the PEG capping method, STN activity recording showed no effects of brain shift. Figure 3 shows the recording results from a representative case in Group B. On the first side surgery, both the center track (STN activity was recorded from -4.5 mm to ＋2.0 mm of the target) and the lateral track (STN activity was recorded from -5.0 mm to ＋2.0 mm of the target) adequately recorded STN activity (Fig.  3A, B) . On the second side, the center track adequately recorded STN activity (STN activity from -5.0 mm to ＋1.0 mm of the target), but the posterior track identified no STN activity (Fig. 3C,  D) , suggesting that the effect of brain shift was discriminated both medially and posteriorly, if the center targets were planned symmetrically based on anterior-posterior commissure coordinates.
Discussion
PEG hydrogel dural sealant was approved by the Food and Drug Administration for cranial use in April 2005 in the United States, 17) but has been available for clinical use in Japan only since April 2010. The sealant is widely, safely, and effectively used in various neurosurgical fields such as general craniotomy, 6) posterior fossa reconstruction, 17) spinal surgery, 10) pituitary surgery, 3) and in combina- tion with nonautologous dural plasty materials. 22) The clinical efficacy of PEG hydrogel dural sealant has been reported to be 100% for the prevention of intraoperative CSF leakage during surgery with the Valsalva maneuver. 6) CSF leakage and subsequent pneumocephalus is reported to be the cause of cortical 8, 23) and subcortical 7, 8, 19) brain shift. The brain shift observed during the surgery is contralateral and posterior to the anterior-posterior commissure line, 12) and the mechanism is considered to be the pressure gradient between the intracranial and atmospheric pressures. CSF leakage and intracranial pneumocephalus combine to equalize the pressures between these two compartments.
With careful conventional procedures, the mean value of the posterior shift at the anterior commissure point exceeds 2 mm, 12) but is less than 2 mm at the posterior commissure point, 12, 16) so is favorable for the accuracy of image-guided targeting. This supports the rationale of the fail-safe system of multiunit recording with tracks spaced at 2 mm. Multiple cannulas prevent the brain from posterior migration, which is another advantage of the multitrack method to prevent brain shift. Whether the multitrack method increases the chance of CSF leakage and brain shift is controversial, but correct burr hole sealing may decrease the possible brain shift. 16, 24) Brain shift is also observed long after electrode implantation, 19) but eventually as the intracranial air is disappearing, the brain`re-expands' and`shortening' of the electrode occurs along with the route to cause upward displacement. The larger the postoperative intracranial air volume, the more migration observed. Is there no brain shift if there is no intracranial air or CSF leakage during the surgery? Even with the observation of`0 cm 3 ' intracranial air, electrode migration is observed during a long follow-up period in certain circumstances. 19) For this reason, initial deeper placement of the electrodes for 1 electrode contact 19) is advocated, but this point has to be further investigated. The conventional method in our Group A occasionally recorded STN activity in the posterior track at the second side surgery, but not in Group B as the posterior route was ideally selected without obstacles en route.
To decrease CSF leakage during DBS surgery, minimal dural incision, which may be achieved by limiting the incision to the outer diameter of the guiding cannula (1.5 mm), 14) after placement of the twist drill hole of 4-mm diameter 12) has been suggested, resulting in the lowest incidence of adverse effects. However, this technique may limit the inspection of the brain parenchyma and brain surface. Our data demonstrate the clinical efficacy of PEG hydrogel sealant, resulting in minute dural deficits sealed in patients treated in the semisupine position, while allowing close inspection of the brain surface without CSF leakage.
DBS surgery involves logical discrepancies regarding head positioning, with pneumocephalus, CSF leakage, and VAE-related adverse effects associated with higher head positioning, whereas elevation of hemorrhagic risk appears to be associated with lower head positioning. 14) VAEs are known to occur more frequently during neurosurgical procedures in the sitting position 9) than the supine position with a moderate level of head elevation. 6, 9, 11, 13) DBS patients placed in a``strict'' supine position with elimination of intracranial air using a small dural incision based-technique resulted in favorable outcomes in terms of reduction in adverse effects such as brain shift and VAEs. 14) Our findings also demonstrated the potential clinical efficacy of PEG dural sealant to avoid brain shift by eliminating CSF loss and intracranial air during DBS surgery in the semisupine position.
Our simple method of employing PEG hydrogel dural sealant enables DBS surgery to be performed in the semisupine position, and easily and safely prevents intracranial air accumulation and CSF loss. Our preliminary results suggest that this method may reduce adverse effects related to CSF leakage and brain shift in patients undergoing DBS surgery.
